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PMT considerations
10 inch R7081 20 inch R3600

Number (25% cov) ~50000 ~14000

QE 25% 20%

CE ~80% ~70%

rise time 4 ns 10 ns

Tube length 30 cm 68 cm

Weight 1150 gm 8000 gm

Vol. ~5 lt ~50 lt

pressure rating 0.7Mpa 0.6Mpa

∢ coverage/pmt 0.6 deg 1.1 deg

∢granularity 1.0 deg 2.1 deg
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PMT: further choice
Items

Example

12-inch PMT

R7081

10-inch PMT

R5912

8-inch PMT

Diameter 300 mm 253 mm 202 mm

Effective Area 280 mm min. 220 mm min. 190 mm min.

Tube Length 330 mm 245 mm 220 mm

Dynodes LF/10-stage LF/10-stage LF/10-stage

Applied Voltage 1500 V 1500 V 1500 V

GAIN 1.00E+07 1.00E+07 1.00E+07

T.T.S.(FWHM) 2.8 ns 2.9 ns 2.4 ns

P/V Ratio 2.5 2.5 2.5

Dark Counts 10,000 cps 7,000 cps 4,000 cps

Characteristics Comparison of Large PMT

NEW !
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We are focussed on the R7081 tube
It is more efficient than the R3600.  

25% *R7081 => 35% *R3600
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Final choices and notes from 
meeting with vendor

• R7081 -  Pressure rating from manufacturer appears valid and likely 
conservative. 

• R7081 with high QE: already developed.  will have same pressure 
rating.  

• Any additional pressure resistance could be implemented, but 
development will cost $. Vendor has a computer model to determine 
the tube pressure performance. 

• 12 inch tube will likely have same pressure rating. 12 inch tube was to 
be available in February, but no communication so far.  

• 12 inch with high QE is not in the development path currently. 
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Pressure testing

Have 32 phototubes from 
Hamamatsu. Pressure vessel from 

BNL. Evolving testing protocol. 

Hamamatsu rating is 
~7atm. Tested this 

tube until it broke at 
148 psi (~10atm) 
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Data so far
PMT size Break Press

R7081/ng 1 10inch 148 psi
 XP1807 1 12 inch 92 psi
xp18060 1 8 inch 35 psi
R7081 2 10 inch cycled 132psi
R7081 3 10 inch cycled 132 psi
R7081 4 10 inch cycled 132 psi

R7081/lowr1 10 inch 205 psi
R7081/lowr 2 10 inch 218 psi

R7081 10 inch 292 psi
ETL 9350ka 8 inch 68 psi

R7081 10 inch 173 psi
Hamamatsu tested 3 R7081 upto ~10 atm. 

 One broke at 10 atm, 
On each tube, there is data on glass thickness, pressure pulse duration, etc.

This it borosilicate glass with thickness ranging from 0.08 to 0.12 inch. 
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Development of pressure testing at BNL (Diwan, 
Goett, Sexton)!

•! What have we learned!

•! Manufacturers have tubes with very distinct characteristics!

•! Failure mode in Hamamatsu hemispherical tubes is at the pins.  7 atm is o.k. !

•! Other manufacturers failure may occur at the dome in much more damaging way.!

•! Data includes motion picture and recorded pressure pulses. !

•! Funded mostly out of LDRD which is finished.  !
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Typical R7081 failure 
(TA3085 failed at 13.4 bar)

0 ms 2 ms

4 ms 6 ms

12

base

dome

first break at pins

dynodes break 
thru dome

This sequence can be followed with fast pressure tranducers
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Pressure Versus Time at Implosion
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ETL tube #2 

sn 8629 2 microsec/framebroke at 104 psi
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EMI 9350ka sn8629

-2

-1.5

-1

-0.5

0

0.5

1

1.5

-1.50E-
02

-1.00E-
02

-5.00E-
03

0.00E+0
0

5.00E-
03

1.00E-
02

1.50E-
02

2.00E-
02

2.50E-
02

3.00E-
02

Time (sec) 

V
o

lt
s 

(7
.0

6
m

v/
p

si
)

Series1

155psi

Broke at 104 psi

rise ~0.5 ms

sensor at 40 inch
Thursday, July 16, 2009



Materials 

• http://nwg.phy.bnl.gov/~diwan/300kt/

• analysis example

• J. Acoust. Soc. Am. 121 (2), Feb. 2007

• Stephen E. Turner, Underwater implosion 
of glass spheres, Naval Undersea 
Warfare Center, Newport RI.  
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Simulation from paper

were deleted at one instant, allowing the water to instantly
flow inward from all directions, the duration of the collapse
is a minimum !0.462 ms". For the cases with finite glass
failure rates, the presence of the elements restricts the in-rush
of water, causing the collapse to take longer. It was found
that as the glass failure rate was decreased, the peak pressure
decreased. One exception is that the model results for the
infinite failure rate predict a peak pressure of 32.2 MPa,
which is 1.5% lower than the peak pressure for the 1830 m/s
case !32.7 MPa". Further review of the model results indi-
cated that the blocked cells located below the glass sphere
restrict the in-rush of water from the bottom. For the infinite
failure rate case, the water begins to flow inward from all
directions the instant the rigid elements are deleted. There is
limited water available between the blocked cells and the
bottom of the glass sphere, which restricts the flow rate from
the bottom. Consequently, the flow restriction causes the gas
bubble to migrate toward the blocked cells. However, for the
cases with finite failure rates, the first rigid elements to be
deleted are at the bottom, causing the initial in-rush of water
to be in the +z direction. After all the rigid elements are
deleted, the collapsing gas bubble has momentum in the +z
direction. The combination of an 1830 m/s element deletion
rate starting at the bottom and the restricted flow rate from
the bottom, simply produces a more symmetric collapse !and
higher peak pressure" than is observed for the infinite failure
rate case.

The computational analyses followed the simplifying as-
sumption that the glass failure rate was uniform with respect
to time and space, and that the rigid elements remain station-
ary until they are deleted. Even though these assumptions
were not verified directly, the pressure time history for the
275 m/s glass failure rate provides a reasonable representa-
tion of the measured pressure time histories. The results for
the 275 m/s analysis case are overlaid on the data from tests
1 to 4 in Fig. 12 !again, aligning the peak pressures at
0.8 ms". The 275 m/s case was selected because the peak
pressure of 26.6 MPa matches the test data peak pressures
!25.8–27.2 MPa". Additionally, the analysis matches the
data with respect to the duration of the collapse, the pressure
drop during the collapse, and the shape/duration of the posi-

tive pressure peak. The start of collapse was defined as the
time at which the local pressure at the sensor drops below
99% of the hydrostatic pressure. The end of the collapse is
considered to be the point at which the local pressure in-
creases to the hydrostatic pressure. In each of the four tests,
the duration of the collapse is between 0.505 and 0.6 ms. The
275 m/s analysis case had a slightly lower collapse time of
0.473 ms. The pressure drop for the test data !all three sen-
sors and all four tests" is 1.624 MPa; for the analysis case, it
is 1.87 MPa. Finally, the model results agree well with the
test data with respect to the shape and duration of the posi-
tive pressure peak. Even the minor peak on the tail of the
pressure peak is captured by the analysis. This corresponds
to reflection from the test stand/mechanical initiator.

IV. CONCLUSIONS

The primary conclusion is that a computational model of
an underwater implosion event must include the structure
that separates the low pressure air from the high pressure
water. If the structure is neglected, the model will overpre-
dict the peak pressure. To support this conclusion, four ex-
periments were conducted with glass spheres subject to hy-
drostatic pressure at, or near to, the failure load. The use of
brittle glass was expected to result in near instantaneous
structural failure. However, a computational model that does
not account for the glass structure !instantaneous failure" was
found to overpredict the peak pressure by 44%.

A uniform failure rate !in time and space" was imple-
mented in the model to determine its influence on the pres-
sure time history. Failure rates from the maximum crack
propagation speed of 1830 down to 200 m/s were evaluated.
Model results were found to agree with the test data when a
structural failure rate of 275 m/s used. Since the rate of the
collapse determines the momentum of the water as it ap-
proaches the point of closure, it is reasonable to expect good
agreement with the peak pressure if the collapse rate has
been determined.

Finally, the constant failure rate of 275 m/s is an effec-
tive value that only applies to the set of test conditions de-
scribed. It is expected that the failure rate would change if

FIG. 12. Comparison of pressure time histories
between experiments and DYSMAS calculation.

J. Acoust. Soc. Am., Vol. 121, No. 2, February 2007 Stephen E. Turner: Underwater implosion of glass spheres 851

was specified in m/s measured around the circumference. As
the rigid elements were deleted, the high pressure water
flowed into the sphere, compressing the low pressure air. The
flow area increased with time until all the rigid elements
were deleted. The local water pressure at the sensors re-
sponded to the water in-rush, as the sphere filled, and to the
sudden decrease in water velocity when the compressed air
reached a minimum volume. Additionally, since the rigid el-
ements have no thickness, the model included a
0.762-mm-thick layer of sand on the inside of the rigid ele-
ments. The sand represents the volume of incompressible
glass after structure has failed. A P-! equation of state is
used for the sand.11

III. RESULTS

A. Glass failure by hydrostatic instability

Each of the four tests was conducted with glass spheres
subject to an external hydrostatic pressure of 6.996 MPa and
an internal pressure of 101.3 kPa. In test 1, structural insta-
bility occurred without activating the mechanical initiation
device. Consequently, the point of failure initiation with re-
spect to the sensors was unknown. The pressure time history
for each sensor of test 1 is plotted in Fig. 7. Each curve was
shifted in time by the same amount such that the peak pres-
sure for sensor 1 occurs at 0.8 ms. Due to symmetry condi-
tions, the pressure time histories of sensors 2 and 3 align
with sensor 1 in time. The beginning of the collapse is ob-
served as a decrease in the pressure at the sensors, which
occurs between 0.12 and 0.16 ms. As the high pressure water
rushes in to compress the low pressure gas, the local water
pressure decreases by 1.6 MPa, according to Bernoulli’s
principle. The collapse phase ends when the gas reaches a
minimum volume !closure"; and the velocity of the water
must go to zero. The large hydrostatic pressure used in these
experiments caused the water to achieve a very high velocity
during the collapse phase. Upon closure of the gas volume,
the rapid change in water momentum caused compression of
the water, and released a pressure wave in the outward radial
direction. The pressure wave propagates toward the pressure
vessel wall and then is reflected back toward the center. The
distance between the sensors and the wall of the pressure
vessel is 66 cm. In fresh water, the time for the pressure
wave to travel from the sensor to the wall and back is about
0.9 ms. Therefore, the onset of reflections in the pressure
time history is expected at 1.0 ms. Had the experiments been
conducted at a lower hydrostatic pressure a lower peak pres-
sure would be expected. The peak pressure is influenced by
compression of the water and reexpansion of the compressed
gas volume. The momentum of the in-rushing water during a
collapse is dependent on the differential pressure !hydrostatic
pressure minus initial gas pressure". Even if the momentum
of the in-rushing water is not sufficient to cause the water to

FIG. 6. Description of axisymmetric GEMINI model.

FIG. 7. Pressure time history for test 1.
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Possible Team for this 
work

• BNL:  Milind Diwan, Ken Sexton  (measurements)

• BNL: Nick Simos, Steve Bellavia (Computational 
Fluid Dynamics). 

• NUWC (Navy Undersea Warfare Center): Stephen 
Turner, Joseph Ambrico (DYSMAS,  measurement 
facilities) 

•  CAE associates.  
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Meetings

• Meeting was held with CAE associates to 
inform and get opinion on our work. 
6/16/2009 

• Second Meeting was held on 7/13/2009 
(Monday) with NUWC and CAE.
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General conclusions

• It may not be possible to model the initial pressure 
pulse within a factor of a few.  

• Model will require benchmark tests.  

• Model can be made to agree with tests by varying 
some parameters, but it is difficult to judge validity. 

• An initial pressure pulse depends on materials. In 
particular, the pressure pulse depends on the 
speed with which the material is torn. 

• Also depends on geometry of the nearby 
structures. i.e. water has to be available for inflow. 
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Continued
• An initial evaluation assuming instantaneous failure 

is underway, but will overestimate the pulse by at 
least a factor of 2 and as much as a factor of 10. 

• It is likely that with the smaller volume of R7081, 
there is no shock wave or minimum mitigation is 
needed at 6-7 bar.  

• Propagation of the shock wave can be done with 
same code.

• Evaluation of whether a tube breaks under a static 
plus a dynamic load is not possible without testing.   
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Capabilities

• NUWC can do the 
needed calculations.  

• NUWC also has testing 
facilities. 

• Testing with explosive 
charges is possible. 

• a 10 ft diameter tank 
upto 100 bar exists in 
New Port RI. 
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Plan for work
• Initial calculations from NUWC. 

• Start work on water proof base design to 
evaluate what potting does to pressure 
performance.  No data here. Might do 2 tests.  

• Perform at least one test in the NUWC tank with 
their instrumentation. 

• Initial evaluate of 3 choices for a baffle. 

• CAE/BNL will evaluate effect of baffle on 
pressure pulse. 

• Test at NUWC with explosive charges on several 
tubes. 
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Baffle choices 

Cylindrical 
baffle.  Material:  
acrylic, 
polypropelene, 
fabric.  

Cover if needed

evaluate with and without cover.  
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Summary
• We have the intellectual and hardware 

resources for the pressure performance 
evaluation and design. 

• Some issues regarding agreements with 
outside organizations  

• There is not much engineering $ in S4 or 
DOE side of the budgets for this work 
because it got tossed back and forth. Might 
need to think about this.  
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